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';0;:3 CRACKING RESISTANCE IN A 4.5-INCH (114-mm) PLATE
e OF 7075-T7351 ALUMINUM ALLOY
;;E, . _
‘f::'g!
) ¢ M
Uy I. INTRODUCTION
_".3" -
ggg During fabrication of hardware for the Space Shuttle program, a peculiar-
i
:ﬁ& : ity was observed in the appearance of final-machined components of 7075-T7351
,‘"f'.‘
aluminum alloy following an anodizing treatment. Subsequent dye-penetrant

Wy
-g&k inspection revealed surface markings which were particularly concentrated at
e

oL
éﬁa the midthickness position of the 4.5-inch (11l4-mm) plate material. These
ot
1)‘!2’

® markings were thought to be most likely 1indicative of a porosity problem.
‘I )
)
@§3 Consequently, an intensive study was immediately commenced to explore the
;.l’g‘
¥
%&f structural integrity implications for this material as well as to further
A
examine the nature of anticipated microstructural defects. The purpose of

O
*45* this report 1is to document the results from this study, 1ncluding those
N
et
ﬁﬁm concerning tensile strength, fracture toughness (Ki.), fatigue crack growth
.;!’fjg
:)_ rates (DA/DN) and fatigue life, as well as to characterize material defects.
:}: II. MATERIAL AND PROCEDURE

W
R
K&E A. Material Characterization

B
{ 1. Chemical analysis

Several 4.,5-inch plates of aluminum alloy 7075-T7351 were procured

»
Ry Bv Ay R

%

from Xaiser Aluminum in accord with Federal Specification QQ-A-250/12F.

9

Chemical analyses of these plates were very similar; a typical example s

.-
-
SN S

-
.

as follows: 5.63Zn-2.40Mg-1.52 Cu-0.216Cr-0.087Fe-0.05751~-0.025Mn~-0.015T1i~

"~

0.006Zr-Al (bal.). Unless otherwise specified, all further study was con-

Pl
L

|

"y

fined to a single plate.
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)
93}! 2. Dye Penetrant Appearance
EXTx
%g- A color photograph of a saw-cut, through-thickness section of the
S
*ﬁﬂ plate 1is shown in Fig. 1, as observed with ultraviolet light, Note that
$4$ apparent indications of defects are concentrated near the midthickness
i
R position.
l’p‘\
DR
*}%' 3. Microstructure
%&; a. As-polished condition
Ay
j&%% To examine the nature of the suspected porosity, as well as the
a‘ "
8
iy constituent particle (inclusion) population, small metallographic samples
ﬁﬁ& were cut (~ 0.5~inch cube), mounted in bakelite and polished from 600 grit
!.!"‘0\
&g‘ silicon carbide paper (17 um) through 1200 grit paper (12-15 um) followed by
3 }'Q‘
&%' #3 diamond (3 ym) and #1/2 diamond (0.5 um) slurries on a Buehler Texmet
AT cloth.
ey
;I{% (1) Constituent particles
B LW
K - Photomicrographs are compared in Figs. 2 and 3 for samples
”Q ; cut from the plate surface vs. midthickness locations, respectively, in the
o
e
k’§, T-orientation (i.e. with the long transverse direction normal to the micro-
2
a‘}; Dt

graphs). The constituent particles and their associated stringers appear to

be somewhat larger at the midthickness location., The length of individual

:l

:*'; particles has been observed to be as large as 45 um, with associated
1390

&'&k stringers approaching 330 um. A example of such a long stringer is shown in
.‘q.;J

LT Fig. 3(b).

The primary type of constituent particle was examined in an

‘- -
SRS

*.._..‘
-o"

-

4

electron probe x-ray microanalyzer. Results indicate substantial concen-

hi:

A
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I

>
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trations of Fe and Cu, cf. Fig. 4; and thus by reference to handbooks [1, 2],

<

~3y tentative identification is made of the intermetallic'Al7CujFe.

i

e 0f particular interest, it ‘was observed that this species of

+ ’ql

g.*' constituent particle tends to crack very rteadily during metallographic
)
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polishing. In fact, 1t was found that after conventional vibratory (auto-
mated) polishing with the 1.0 um alumina paste, these particles exhibited
substantial cracks - and in many instances, had shaken loose (at least in
part) from the mounted sample, leaving voids as illustrated in Fig. S. Only
by hand-polishing with extraordinary care was it possible to avoid such
behavior, cf. Fig. 6. The impact of such brittle cracking of these particles
is of concern as regards the potential influence on mechanical properties/
cracking resistance of the material.

(2) Shrinkage cavities

On infrequent occasions, defects much larger than the scale
of constituent particle dimensions were observed. From their morphology,
these appear to be rather gross shrinkage cavities - with dimensions as large
as 0.016 inch (400 pym). It is difficult at this point to fully characterize
the distribution of these very large cavities in the plate, as they have been
observed in only three instances (all from the plate wmidthickness location)
from among some two dozen or so metallographic samples. One of these
shrinkage cavities 1s illustrated 1in Fig. 7. However, numerous other
cavities similar in wmorphology but significantly smaller in dimension have
also been observed.

On a machined surface, these shrinkage cavities can be made
readily apparent by etching with a caustic reagent (NaOH aqueous solution)
similar to that likely employed in operations (cleaning, etching, etc.) pre-
paratory to the anodizing treatment itself. This point was confirmed in the
laboratory through examination of a through - thickness section of the plate

that had been belt ground to a relatively smooth finish (180 grit) and etched

with NaOH aqueous solution.
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Such microshrinkage cavities - as well as any microcracks

‘H’ along constituent particle interfaces, as described above - would seem to
’i. be potential sites for entrapment of the anodizing solution. One of the
;:‘:: common anodizing solutions, chromic acid in particular, when entrapped by
?" surface flaws during anodizing, 1s known to seep out and cause staining
‘:1.3:', adjacent to the flaws [3], after removal of a piece from the anodizing bath
:;:;:: and following washing and drying cycles. Perhaps this, or a similar sequence
:j?:g of events, could explain the macroappearance of the actual Shuttle components
2?:‘:: following the anodizing treatment. Visual examination of the actual Space
:i:"";; Shuttle components in question by a knowledgable authority [4] has confirmed,
EE.:EE with virtual certainty, the use of chromic acid in the anodizing solution.
'f::. (3) oOther porosity

-i On one occasion, an even wmore gross defect was observed
J.; during the polishing of a 4-inch (102mm) x 6-inch (152mm) x O.5-inch (12.7mm)
;i!‘-' sample with a 17 um metallographic paper. In this instance, a long narrow
i‘g band of porosity, spongelike in appearance, was observed. Its 1length
'_f measures nearly O0.7-inch (~ 18mm) in the S—orientation (i.e. thickness
}l‘ direction) - as illustrated in Fig. 8.

"’: b. Polished and etched condition

::3; The microstructure, as etched with Keller's reagent, is shown in
o Fig. 9 for the T-orientation at the plate midthickness location.

>, 4. Hardness

?: The Rockwell B hardness was measured on a through-thickness section
L of plate (L orlentation) to be 82.8 HRB near the surface of the plate, and a
3'; lesser level, 77.4 HRB at the midthickness location.

3‘ ) B. Determination of Mechanical Properties

Al 1. Uniaxial tensile properties '
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Tensile properties for the L and T orientations were determined in
accord with ASTM-E8 [5] using standard 0.505-inch (12.8mm) diameter specimens
with a 2-inech (50.8mm) gage length. For the S-orientation, a subsized
specimen was required; a diameter of 0.250-inch (6.35mm) and gage length of
l-inch (25.4mm) were employed.

2. Fracture toughness (Ky¢)

Measurements of plane strain fracture toughness were made in accord
with ASTM-E399 [6] for the LT, TL and ST orientationms. For both the LT and
TL orientations, determinations were made for locations adjacent to the plate
surface as well as at midthickness. Specimens employed were of the standard
compact tension type, with a one-inch (25.4mm) thickness. A loading rate
corresponding to % = 50 ksi/in/min (55 MPaYm/min) was used.

3. Fatigue crack growth rates (DA/DN)

Fatigue crack growth rates in ambient. air (~ 50 percent relative
humidity) were determined in accord with ASTM-E647 [7] over a broad spectrum
of stress intensity range (AK) levels. One-inch (25.4mm) thick compact
tension specimens were examined for both the LT (plate midthickness location)
and ST orientations. Specimens were cycled under constant load amplitude
conditions using a haversine waveform, a stress ratio (i.e., ratio of minimum
to maximum stress in fatigue cycle) of R = 0.08 and a frequency of 40 Hz.
(At the upper end of the AK spectrum, the frequency was reduced to enhance
load control.) Precision measurements of crack length (a) as a function of
number of cycles were wmade using a compliance related clip-gage technique
[8]. Data were reduced using the 7-point incremental polynomial method [7].
Supplementary data for the extreme low end of the AK spectrum were obtained

from traveling microscope measurements at the specimen surface.
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4, Fatigue life (S-N)
Determinations of fatigue life were made from rotating beam specimens

(R =-1) with a one-inch (25.4 mm) gage length and a minimum diameter of
0.250-inch (50.8mm). These specimens, machined from plate surface and
midthickness locations for both the L and T orientations, were polished
longitudinally to a 400-grit surface finish. Specimens were cycled to
failure at a frequency of approximately 200 Hz.
IIT. RESULTS
A. Uniaxial Tensile Properties

Uniaxial tensile properties are compared in Table 1 for the L and T
orientations, as determined from standard sized (0.505-inch diameter)
specimens. Results for the S-orientation are given in Table 2, as determined
from subsized (0.250-inch diameter) specimens; these results include data
obtained from a second plate of similar 4.5-inch material (designated plate
“B“). Additionally, Table 2 shows limited data for the T (surface)

orientation - which indicate that strength levels determined from the

subsized specimens agree well with those obtained from the full sized
specimens in Table 1.

Of prime importance, these data indicate that strength levels for all
three orientations - whether from plate surface or midthickness ("center")
locations, exceed both the design requirements for Shuttle application as
well as material procurement specifications. Observed yield strengths range
from 50.0 ksi (345 MPa) in the S-orientation to 59.3 ksi (409 MPa) in the L
(center) orientation. Corresponding ultimate tensile strengths range from
60.7 ksi (419 MPa) (S-orientation, B plate) to 71.0 ksi (490 MPA) for the L
(center) location. Tensile ductilities also exhibit 'significant orientation
dependence, ranging from 9 percent R.A. '(reduction-in-area) for the S-

orientation (B plate) to 43% R.A. for L (surface); moreover, a surface to
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center gradient is apparent - e.g. note the decrease to 30 percent R.A. for
the L (center) location.
B. Fracture Toughness

Traces of 1load vs. crack-mouth-opening displacement for individual
fracture toughness specimens are exhibited in Appendix A. Fracture toughness
data determined from these individual plots are summarized in Table 3, These
toughness data are clearly higher than reference to the Damage Tolerant
Design Handbook [9] would suggest for this material. In fact, all of the
data for the LT orientation - whether surface or center location, are so high
as to exceed validity criteria® on the basis of specimen thickness. Yet
handbook data suggests that a one—inch thickness would rarely fail to meet
the validity criteria for plane strain crack tip constraint in this material.

For the primary plate examined (plate "A"), fracture toughness levels
range from 31.9 ksi Yin (35.1 MPa/m) (invalid) for the ST orieutatior to 43.7
ksi /in (48.0 MPaym) (invalid) for the LT orientation. Valld Kj. determina-
tions were obtained for the TL orientation ("A" plate) and the ST orientation
("B" plate). Only small gradients in toughness are apparenc <trom surface to
midthickness locations in the A plate.
C. Fatigue Crack Growth Rates

Fatigue crack growth rates for the LT orientation, plate midthickness
location (specimen no. ALT-3C) are shown in Fig. 10, where comparison is made
to DA/DN levels from the Damage Tolerant Design Handbook [9]. Clearly,
resistance to fatigue crack growth in the Shuttle material is at least as
good or better than that suggested in ref. [9]. However, any apparent

superiority may well be attributable to a frequency effect, since data

*Determinations of fracture toughness which fail to meet the wvalidity
criteria of ASTM-E399 may not bear any relation to a valid Kj. measurement
[6].
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obtained at 40 Hz are compared to reference data for 6 Hz and 1 Hz.

Data for the ST orientation appear in Fig. ll, and are compared in Fig.
12 to those for the LT orientation. Clearly DA/DN levels for the two orien-
tations are roughly the same over much of the AK spectrum, although the lower
toughness associated with the ST orientation gives rise to an earlier onset
to region III growth rate behavior [10, 11] and hence higher growth rates at
the upper end of the AK spectrum. Tabulations of individual DA/DN data as a
function of AK are given in Appendix B.
D. Fatigue Life

Rotating beam fatigue 1life (R = -1.0), as a function of orientation and

plate surface vs. midthickness position, is summarized in Tables 4 and 5 for

respective maximum stress levels of 40 ksi (276 MPa) and 50 ksi (345 MPa).
At the 40 ksi level, fatigue life in plate A (average of 3 specimens) ranges
from 155,033 cycles-to-failure 1in the - S-orientation to 1,120,667 cycles in
the T (surface) orientation. Owing to significantly greater ultimate tensile
strength in the case of the latter, 69.6 ksi (480 MPa) vs. 61.4 ksi (423
MPa), the greater fatigue life would be anticipated. At the 50 ksi (345 MPa)
maximum stress level, these same two orientations define the extrema in the
data, but with lower fatigue 1lives of 50,233 cycles and 248,600 cycles,
respectively. Notable reductions in fatigue life, in the range of 2- to 4~
fold, are observed in going from surface to plate wmidthickness (center)
locations for both the L and T orientations; the greatest reduction is by a
factor of 3.7 for the T orientation at the 40 ksi (276 MPa) maximum stress
level., Limited tests (S-orientation) with the second plate of material ("B")
indicate very similar fatigue life to that measured for plate A.

The fatigue 1life data all compare favorably with those given in the

Aerospace Structural Metals Handbook for this material [12], and in many
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dage instances exceed the upper bound reference data. 0f prime importance, even
% < the minimum in fatigue life observed for the present material {(viz. that for
F'% the S-orientation) substantially exceeds the cyclic life requirements for the
%:i Shuttle applicatious.

2 ! IV. DISCUSSION

:#; Determinations of cracking resistance in this 7075-T7351 material, in
?{% terms of fracture toughness, fatigue crack propagation rate and rotating-beam
Ei’ fatigue 1life, all compare favorably with established handbook levels.
A

Y

Similarly, the measured uniaxial strength levels, regardless of plate surface

%
~r
)
U
A

or midthickness position, appear to exceed minimum requirements for the

intended Shuttle application.

A

Aeelpipa
e A
o

Nonetheless, some degree of caution is urged in interpretation of these

i o
)

results - inasmuch as it cannot be guaranteed that they reflect the worst-

At

-L:; case behavior. To be specific, it is a matter of some concern that the very
: " largest defects (such as the sizeable shrinkage cavitges and the long narrow
ig& band of spongelike porosity) are so infrequently observed in this 4.5-inch
'%ﬁ plate that the statistical chance for one of them to be present, e.g. in the
25 crack-tip process zone of an individual compact tension specimen, would
.

:Q& appear to be very small.

{w’ On the other hand, it is felt that the somewhat surprisingly high levels
:jl of observed fracture toughness may actually reflect an enhancement attribut-
F\o

gt' - able to some of the smaller-scale defects, such as the stringers of brittle
%k constituent particles. These defects could well be expected to facilitate
;iri delamination in the rolling plane (S) for fracture toughness specimens of LT

and TL orientation. Such delamination would then tend to subdivide the crack

tip process zone into narrow strips through the thickness, giving rise to

=2 +

ey relaxed crack tip constraint on a localized basis ~ and thus, an apparently
i
i 9
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enhanced toughness level. Preliminary examination of one of the compact
tension specimen fracture surfaces in the scanning electron microscope
appears to support this contention, as a number of secondary cracks along the
S plane are apparent in the fracture zone of the LT toughness specimen
exhibited in Fig. 13.

There 13 also another potential contributor to the high toughness levels,
viz. the significant number of secondary, apparently crystallographic cracks
in the region of the fatigue precrack. Inasmuch as degradation of fracture
toughness from handbook levels was originally considered to be a possibility,

compact tension specimens were fatigue precracked at AK levels well below

upper-bound 1limits prescribed in ASTM-E647. Secondary, crystallographic
cracks, which are characteristically observed at the 1lower end of the 4K
spectrum [13-15] might well lead to apparently higher toughness levels, owing
to the bifurcated nature of the crack tip process zome. Preliminary evidence
for such crystallographic bifﬁ:cation in the fatigue precrack region 1is
exhibited in the scanning electrén micrograph of Fig. 14 for an LT fracture
toughness specimen.
V. CONCLUSIONS

A comprehensive exge}nation of the 4.5-inch (114 mm) plate 7075-T7351
aluminum alloy intended for Shuttle applications reveals that:

¢ The material contains a number of macro— and microstructural inhomoge-—
neities which could be classed as defects or potential crack-like defects,
viz. stringers of brittle constituent particles, shrinkage cavities, and in
one instance, a long line of spongelike porosity.

® Uniaxial strength level data obtained for the three primary orien-
tations exceed design requirements for Shuttle abplication as well as

)

procurement specificatiomns.
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Y ® Similarly, results for cracking resistance - in terms of fracture
35;‘ toughness (Ky.), fatigue crack growth rates (DA/DN), and rotating-beam
,‘)

4 fatigue life (S/N) appear to meet or exceed handbook levels.

*;:SE ® Unusual macroappearance of anodized components may be attributable to
RN

‘:“ entrapment of anodizing solution by microshrinkage cavities and/or wmicro-
{‘!_‘

.'j cracks along constituent particle stringer interfaces, with subsequent
z‘.l""‘i .

,:\g‘f seepage and staining adjacent to these and/or other flaws.

o

:{‘

;‘5‘3 . ACKNOWLEDGMENTS

‘-.‘C’e

The authors are grateful to Joel Berman, Martin Cigledy and Clark Welsh
Lt

*;:s‘! for their assistance with assorted experimental aspects of this work.
g Appreciation is offered to A. B. Jacoby, L. M. Turner and A. Harrison for
a‘L

LA

® their helpful discussions and guidance in the course of this work.

_3’

"‘&

M‘

o)

L

ﬁ"“
i - >
o T 7 R g

p" -
ey

.

d

=%t
<5

a W “H.V

AT SNSRI '\w T oy P \-('.’\\'-'J'— \(‘-. RN
L CS LY LRGN o " S e AN \
W, ‘09..:\ S e DR IR A L ) i - * 4 [N “ > AU RN i




- -
“.

MMM

B

L

B

(o

s

TeulpniiBuor = T ‘9siaasueal Suol = Ly .m

o

9z o€ 06Y 0° 1L 60Y €65 a3e10AY oy
T 67 Y8y TT0L €0y 7°8¢ 2TV 73
9z 1€ 96Y 6°1L STY 2°09 DI~V (123u39) 1T per
A

2 =

ve €Y LYy 889 £0Y Y°8s o8e1aay 3
£e T 9Ly 1°69 - - SE-1V A7
Ye LYy viYy L°89 zoy £°8¢ STV (9de3InS) 7 5
vE LE YLy L°89 €0y 914 S1-1V . vy
1z Lt 09y £°99 6.€ 0°5S a8e1any =
4 (1 09% £°99 SLE yoe og~1V L5
1z 81 6SY 9°99 £8€ 34 0Z-IV (123u33) s
A

k44 (14 08Y 9°69 66€ 6°LS afexany g
€T 1z 06Y 1°1¢L oty 765 SE-LV
0T vl 09y .| £°99 6L€ 6°%S ST-1V (93e3ans) |, X
€z 0T 06% 0°1¢ 1Y 65 ST-LV DAr
22

% % Tan 753 Bdl 183 s
*1°9 "NI-¢ NI VT4V NI HLONZELS NIONTUIS QTAIX AFGANN LNOTIVINHTHO =2
NOILVONO'Id NOILONGAY | FTISNAL AIVWILIA 1ASAI0 %T°0 NAWIDAS 5

L

]

(Vv 2381d) SNAWIDALS °*VIQ °NI 606°0 :SHIINAJO¥d ATISNIAL TVIXVINA - T T19VL

-

.

i
-

() ; [/
:"e ﬂ‘.. .thr:‘}‘

)
'

u

UGG
iy At
LR

"
Aley

A I AR - -, - X - TR a S - Ny W oF Rl el Ay - ™ PR A
J‘ J\.v - - o ab Eagd PR3 3 % h » e e

P T & .u:vl, LA 0 e IR IE g2 ~ o B A B % Mg xS @ PP el

pe A nﬁr«illr..v .o BRI D © BTNy - 2 i Y o o N T T ool e

. g Qi NGk D0 Ko e - G . e, S Wl el e e ottt O . A PR R Py AL A X A A




,;
el 2@y
B
% .
X

0.250 IN. DIA. SPECIMENS

TABLE 2 — UNIAXIAL TENSILE PROPERTIES

' i At ‘«“"a\. ""‘a ORAN a'u e ‘4 N ‘ LA, 'h. A a§ AR SACH Y

L]
-
Z e
SO
B elye ® O Ol O O T o o
< 2 — - — o~ e -
€ =t
=z |
QO -
ol
B Z
et
=
8<
g L B R | N N NN
[~
ﬁl—t
=]
= |
et < [~ W i (g O ~r MIinN T MO
wn E N N NN BSOS NS L B L)
EE T T T NPT ST A SIS SRS
= O
=
<
=~ o
%P‘ N O O~ [ag JE- < BAV =} (=] Yy Qv
Lol e o of e o e of o o of o
ey <] N e =t |y AN X VI - NIO
: it O O OO O O Ve O NIO v
= w
-
@
>
2]
= c
-l < O O o T MO O N~ ('5
HCJ% g Xl b O O NI St
(th] ™M M N MM ~r M )
o & 80
G = =]
o w o
~—
N Q NN XRIO TN Ol (=B LS LS
N 3o s o ol o . e | » o of o ]
« O] @ <SS NSO R M~ N R O
C:,M UalE= - 4 [Ta] [ali'alTal s} ) ~F [N =
-
-]
n
= I
[SN- )] [P T ) U )]
¥ o 80 —t N M| B0 ] >
- M nNie 1 s —- o @«
U‘S' U R BB Bl b [ c
=1 nunwula I>E>R>IEd v ntae o]
A= < < <[> < < <> Qx> -
» < < < o |
w 1
= j
~~ o] '
x v = :
= 3] ]
=] e . © .
- < < Ut ~ n
) ot
<< V] w v = ] wn 721
= I Iy 7 o *
=z B} < hd L
3] ~— —t -
= A =0 ] =]
o .
(=}
+
13

T« "

.d'g.'

a) F{ [ .( ‘ﬂ. g (L { L ﬁ \ J. & '
S A



Wy

o":';

ot

g

N

e

i:‘:\".

<y

A

R TABLE 3 - PLANE STRAIN FRACTURE TOUGHNESS (Kic)

e

b

e FRACTURE

En) SPECIMEN TOUGHNESS

5‘9 PLATE ORIENTATION NUMBER ksivin MPavm
)

ENRE

.,, A LT (surface) ALT-1S (44.1)* (48.5)*
& ALT-2S (43.2)* (47.5)*
S Average 43.7 (48.0)
¥ ‘

L * *
by A LT (center) ALT-1C (40.3) (44.3)
@ ALT-2C (41.0)*# (45.1)*#
A hj Average 40.7) " (G4.7)*
"

4 .

A TL (surface) ATL-1S 33.1 36.4
53 ATL-2S 35.2 38.7
& Average 34.2 37.6
:»:

W

A TL (center) ATL-1C 34.0 37.4

g ATL-2C 33.4 36.7

‘ %, Average 33.7 37.0

‘ L

Wl

Hat A ST AST-1 >25.2 >27.7
3" AST-2 (31.9)* (35.1)*
e Average (3L.9)~ 35.1)*
Ly,

i

RO B ST BST-1 26.7 29.3

o BST-2 28.2 31.0
) Average 27.5 30.2

[

,..‘.
5%

E’ *Invalid according to ASTM-E399-83, section 9.1.3: a, B < 2.5 (KQ/cys)2
#1nvalid according to ASTM-E399-83, section 9.1.2: Ppax/Pg > 1.10
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353::; TABLE 4 - ROTATING BEAM FATIGUE LIFE: MAXIMUM STRESS = 40 ksi (276 MPa)

3;;':"

TSN

D CYCLES TO

e PLATE ORIENTATION SPECIMEN NO. FAILURE

Sy

K ALR-4S 918,400

e A L (surface) ALR-58 768,700

al ALR-6S 1,171,300
Average 952,800

J‘;'?.

K

e ALR-4C 349,500

:’:::’ A L (center) ALR-5C 327,600

Y ALR-6C 283,100

Average 320,000

)

A8

% ATR-4S 1,253,600

':', T (surface) ATR-5S 1,045,900

3 A ATR-6S 1,062,500
Average 1,120,667

’121'

'. ATR-4C 312,500
Ty A T (center) ATR-5C 290,500
60 ATR-6C 310,800
g Average 304, 600
3 e b
] :

Wy
e ASR-4 123,200 {
W A S ASR-5 172,100
W ASR-6 159,800
€. Average 155,033
b
‘:P
Mo BSR-4 175,100
N B s BSR-5 190,100
BSR-6 158,400
L Average 174,533
K
58
1h
O":.
K¢ .
;
b
K+
s 1
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TABLE 5 - ROTATING BEAM FATIGUE LIFE: MAXIMUM STRESS = 50 ksi (345 MPa)

CYCLES TO
PLATE ORIENTATION SPECIMEN NO. FAILURE
ALR-1S 196,600
A L (surface) ALR-2S 254,300
ALR-3S 2332900
Average 228,267
ALR-1C 190,500
A L (center) ALR-2C 152,000
ALR~-3C 88,500
Average 143,667
A T (surface) ATR-3S 248,600
Average 248,600
ATR~-1C 70,600
A T (center) ATR-2C 79,500
ATR-3C 66,400
Average 72,167
ASR-1 47,800
A S ASR-2 49,700
ASR-3 53,200
Average 50,233
BSR-1 59,200
B S BSR-2 44,900
: BSR~-3 38,900
545. Average 47,667
)
R
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Fig. 1 - Dye penetrant appearance of plate section as observed with ultra-
violet light.
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Fig. 2 - Constituent particles at plate surface location, as polished,
T-orientation.
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Fig. 3 - Constituent particles at plate midthickness location, as polished,
T-orientation; (a) overall view (b) enlargement of sizeable stringer.
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g& Fe Ka

Fig. 4 - Electron probe X-ray microanalysis of dominant species of constituent
L particle.
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Fig. 5 - Enlarged view of constituent particles, after conventional vibratory
(automated) polishing.

Fig. 6 - Enlarged view of constituent particles, after hand polishing very y
carefully with diamond paste.
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Fig. 7 - Large snrinkage cavity at plate midthickness location, as polished.
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(a) overall view (b) enlargement.

- Long narrow band (S-orientation), of spongelike porosity as rough
polished.

Fig. 8
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Fig. 9 - Microstructure as etched with Keller's reagent, plate midthickness
location, T-orientation.

23

x , A T Lo o o L o R O A
bes AT AR e BT ey o L N R
‘.‘5.';‘; :&“’.".‘\“9&9)‘}1! l‘}‘i,‘hd!’h .‘*’Az'.l.:' 23395 ‘!.s. ! ‘!".’t"h s ..h ’

‘W;N....C " -,-.‘.( “hTAN ~
)

d - CATR ‘v"'f--(--"-ﬂ-""‘ T ar,
. il MG ARLVES T SARCRRRCY, AL ﬁ
l’\'u'h‘ .. D l.'\... NN ,O..\ !“‘I’.DA Q‘ {‘mﬁﬁm




o AK (ksi-in.1/2)
5 10 20 304050

lill] L — 1 T71T1

| Af - 7075 - T7351: LT

o | © ALT-3C: 40 Hz (bHz FOR
4 AK>17.5 MPay'm)
i + D.T.D. HDBK: 6 Hz

('f"‘ X .
. j0-2|— ¥ D-T.D. HDBK: 1 Hz

1073

| llllJ

¢ ax
s
Y lTllﬂl‘
1

1074

T
lillll

1073

1

lIllll
1

j
X

1075

da/dN {in./cycle)

T
%
llllll

+)
(o]

10‘4—F xe
[

FATIGUE CRACK GROWTH RATE, da/dN {mm/cycle)
+
oo o)

1076

oo
"

——

(o]
1 lllll

1

' 108

o -
ROOM TEMPERATURE AR -

2 [ HAVERSINE WAVEFORM

N R=0.08

2 —{107

J;llll | IR [ NN N W I |

‘o 5 10 20 304050 100
h STRESS-INTENSITY RANGE, AK (MPa:-m1/2)

C
-
T T

L)

'k!: Fig. 10 - Fatigue crack growth rates for LT orientation at plate midthickness
2 location (specimen no. ALT-3C), with comparison to handbook data
from reference [9].
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Fig. 13 - Scanning electron micrograph of fracture toughness specimen of LT

o orientation with fatigue precrack zone in lower half; direction of
e crack growth is from bottom to top. Arrow points to secondary crack
® along S-plane in fracture process zone.

i "“‘

Fig. 14 - Scanning electron micrograph of crystallographic bifurcation in
fatigue precrack zome of fracture toughness specimen of ST
orientation (spec. no. AST-1); arrow points to secondary crack.
Direction of crack growth is from bottom to top, with fracture
process zone at top edge of micrograph.
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o APPENDIX A

3 S LOAD-DISPLACEMENT RECORDS

This appendix contains records of crack-mouth-opening-displacement (CMOD) as
a function of applied load, as relate to the plane strain fracture toughness
(K1e) results given in Table 3.
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APPENDIX B

FATIGUE CRACK PROPAGATION DATA

This appendix contains a tabulation of data for fatigue crack growth rate
(DA/DN) as a function of stress—-intensity range (JK) as plotted in Figs.
L% 10~12 for specimens numbers ALT-3C (LT orientations) and AST-3 (ST orien-
O tation)
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2 10.62 9.66 1.16 X 107¢ 4.57
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. 12.07 10.98 1.44 5.67
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